We demonstrate a tunable deep-ultraviolet coherent source generated by the beating of a tunable UV laser and strongly driven vibrational Raman coherence in hydrogen. The total energy conversion efficiency reaches a maximum of 50% at the phase side of the Raman coherence. The generated spectrum of Raman sidebands tunes with the input and extends from 435 to 146 nm for an input at 282 nm. © 2005 Optical Society of America OCIS codes: 190.2620, 190.5650, 020.1670, 270.1670 Harris and Sokolov have shown that, by using two powerful single-frequency lasers whose frequency difference is close to but slightly off from the Raman resonance to drive a molecular system to its maximal coherence ͉͑ ab ͉ϳ0.5͒, the nonlinear optical generation and phase-slip lengths become similar and the generation of Stokes and anti-Stokes radiation proceeds collinearly without the need for phase matching. 1,2 They demonstrated this with the vibrational transition of D 2 (Ref.
Harris and Sokolov have shown that, by using two powerful single-frequency lasers whose frequency difference is close to but slightly off from the Raman resonance to drive a molecular system to its maximal coherence ͉͑ ab ͉ϳ0.5͒, the nonlinear optical generation and phase-slip lengths become similar and the generation of Stokes and anti-Stokes radiation proceeds collinearly without the need for phase matching. 1, 2 They demonstrated this with the vibrational transition of D 2 (Ref. 3 ) and the rotational transition of p-H 2 (Ref. 4) and showed that the process can be highly efficient. 5 Hakuta and co-workers added a third, weak laser field to beat with a prepared Raman coherence in solid hydrogen and demonstrated that broadband multimode laser radiation 6, 7 and incoherent fluorescent light 8 can be replicated into the Raman sidebands. Hence, if a person takes as the third laser one that has a tuning range that is slightly larger than the Raman frequency, it is possible to obtain intense coherent radiation that tunes over a broad spectral region with no gap. In this Letter we report the results of extending the ideas of maximal coherence and beating of a third laser with the coherence to obtain collinearly propagating tunable radiation that spans the visible to the vacuum ultraviolet (VUV). Harris and Hakuta used cryogenically cooled molecular systems in their experiments to achieve high efficiency. We employ gasphase H 2 at room temperature and show that it is similarly effective. As much as 50% of the input energy is converted to the Raman sidebands. We show further that the Raman sideband wavelengths tune with the input wavelength. Thus our results could lead to a relatively easy-to-operate system that has a potential tuning range of more than 45 000 cm −1 when an input that tunes for ϳ4100 cm −1 is used. In related research, stimulated Raman scattering is used in gas-phase H 2 to generate multiple orders of anti-Stokes radiation: Moriwaki et al. used a highpower quadrupled Nd:YAG laser to generate VUV radiation. 9 By seeding an excimer laser with a tunable UV laser, Döbele et al. 10 generated tunable VUV radiation. When an additional laser was used whose wavelength matched that of the Stokes emission, higher conversion efficiency was obtained. [11] [12] [13] In these experiments the output peaked at the Raman resonance, and most of these experiments employed high-pressure (several atmospheres) H 2 to satisfy the phase-matching condition, resulting in a conical (noncollinear) spatial distribution for the generated radiation.
Our experimental setup is shown in Fig. 1 . We used two single-frequency pulses, at 589 and 780 nm, as the driving pulses to build up the Raman coherence. The frequency difference of these two pulses was approximately equal to the fundamental vibrational frequency ͑4155 cm −1 ͒ of H 2 . The 589 and 780 nm pulses were derived from home-built pulseamplified dye and Ti:sapphire single-frequency lasers, respectively. 14, 15 Each pulse was transform lim- ited, with a duration of 5 ns. The pulse energies were 17 and 25 mJ, respectively. The third laser was a commercial pulsed dye laser (Lumonics HD300) whose output was frequency doubled in a KDP crystal to give tunable 6 ns long pulses near 282 nm. The three laser pulses were combined and focused to beam diameters of 190, 180, and 160 m into the center of a 100 cm long H 2 cell. Under these conditions, we estimate that the Raman coherence could reach 0.44 as its maximum value. The 589 nm pulse and the UV pulse were delayed by 1 ns relative to the 780 nm pulse. H 2 pressure in the cell was varied from Ͻ1 to 1000 Torr. The output radiation was dispersed by a quartz Pellin-Broca prism. The pulse energy of the generated Raman sidebands with wavelengths of Ͼ200 nm was measured with a Molectron PS-10 thermopile. Part of the output was reflected off the surface of a MgF 2 plate into a vacuum McPherson 234/ 302 VUV monochromator for wavelength and relative energy analysis of the output whose wavelength was shorter than 210 nm. Two photomultiplier tubes were used as detectors: a solar-blind photomultiplier (Hamamatsu R1459) and a McPherson 654 detector assembly that can detect from the VUV to beyond 400 nm. The relative wavelength responses of the two detectors were determined with a D 2 discharge lamp, and the absolute response was calibrated by an energymeter at 209 nm.
We controlled the magnitude of the Raman coherence by varying the frequency difference between the driving lasers whereby we fixed the wavelength of the dye laser pulse ͑589 nm͒ and changed the wavelength of the 780 nm pulse. The two driving lasers generated a collinear beam of fixed-wavelength Raman sidebands in H 2 in a manner equivalent to that for D 2 .
3,16 When a third UV pulse was introduced into the cell, a new set of collinearly generated Raman sidebands clearly identifiable as due to the presence of the third pulse was observed for H 2 pressures from Ͻ500 to 700 Torr. To facilitate the measurements we used as input a wavelength tunable about 282 nm. With this, the generated sidebands ranged from 435 nm (third Stokes) to 146 nm (eighth anti-Stokes), equivalent to a frequency range of 45 700 cm −1 , and were well separated in space after dispersion through the prism from those generated by the two driving pulses. Above 700 Torr, noncollinear generation began to dominate. Here we present the results measured at the optimal pressure of 500 Torr when the conversion efficiency was the highest and the generated sidebands propagated collinearly. We measured the energy of each of the sidebands as we scanned the wavelength of the 780 nm pulse with the input 282 nm laser pulse energy at 0.35 mJ. Figure 2 shows a few representative sideband energies as a function of detuning from the H 2 Raman frequency. We can see that the maximum power was reached at the phased side of detuning (positive detuning, ⌬ Ͼ 0) for all the Raman sidebands, including the Stokes emissions. This means that, for the third laser pulse, the generation was best when the driven molecular motion was in phase with the driving lasers. 3 The conversion of the third pulse energy to the sideband orders could be highly efficient. Figure 3 shows the depletion of the UV pulse energy as a function of the Raman detuning. Also shown is the sum of the energies of all the sideband orders and that of the first anti-Stokes radiation. Under the conditions of this experiment, the maximum conversion reached nearly 50%. Notice that the sum of the residual UV energy and the total generated sideband energies remained constant within the uncertainty of the measurements, indicating that there was no energy deposition from the third pulse into the H 2 gas at any detuning. This means that the third pulse did not alter the molecular motion that was being driven by the two driving pulses. To check this, we confirmed that the energy of the sidebands generated by the two driving pulses was not affected by the introduction of the third pulse.
The maximum conversion efficiency to each sideband from the UV pulse, chosen from the optimal detuning value for each of the sidebands, is shown in Fig. 4 . We can see that, even for the fourth-order sideband that is shifted by 16 620 cm −1 from the input frequency, the conversion efficiency was Ͼ1%. Fig. 2 . Generated Stokes and anti-Stokes pulse energy versus detuning from Raman resonance. Triangles, third Stokes; squares, first anti-Stokes; stars, third anti-Stokes. Inset, the sixth to eighth anti-Stokes orders, as indicated. Fig. 3 . Energy conversion of the tunable pulse to the Raman sidebands as a function of detuning ⌬. Circles, sum of energy of all generated Raman sidebands. The stars represent the first anti-Stokes energy; the squares, the residual third pulse energy after passing through the H 2 cell; and the triangles, the sum of the circles and the squares. The solid curves are fits to the data for visual guidance only. The incident pulse was 0.35 mJ at 282 nm.
The inset in Fig. 4 shows a linear power dependence for the first and eighth sidebands. The power dependence was similar for all the other sideband orders. No saturation in conversion was observed up to the maximum input energy of 0.8 mJ. Hence it is safe to extrapolate that, for an input of 1 mJ at 200 nm, Ͼ10 J of energy can be generated at 150 nm. Higher energies could be obtained with higher input until saturation occurs, likely when the third pulse energy approaches that of the two driving pulses.
A main reason for using a third pulse is to gain wavelength tunability for molecular modulation. We demonstrated this by tuning the pulsed dye laser while simultaneously monitoring the wavelength of the fourth anti-Stokes output. As shown in Fig. 5 , the fourth sideband tuned readily with the input. Hence, by starting with a laser that tunes over a range of 4155 cm −1 , it is possible to obtain uninterrupted tunable output that covers at least 45 000 cm −1 , making this an especially convenient source of tunable highpower radiation for the VUV region.
To summarize, we have demonstrated a three-color generation scheme to obtain high-power collinearly propagating tunable radiation by scattering off a maximal Raman coherence prepared in gas-phase H 2 with ϳ50% energy conversion. This leads to a unique possibility of providing uninterrupted tuning over a range of Ͼ45 000 cm −1 , deep into the VUV, with an input that tunes for only 4155 cm −1 . Such a source would be useful for VUV photoionization and photodissociation studies and other applications. 4 . Conversion efficiency of the third pulse to the Raman sidebands. The points represent the highest conversion taken at the optimal detuning for each order. The optimal detuning for each sideband order is different (see Fig.  2 ). Inset, measured first and eighth anti-Stokes order output versus the input pulse energy in millijoules.
